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Abstract
Vacuum-ultraviolet (VUV) photoabsorption spectra were recorded of the A 2Σ+(v′ = 0) ← X 2Π(v′′ = 0), D 2Σ−(v′ =
0) ← X 2Π(v′′ = 0) and D 2Σ−(v′ = 1) ← X 2Π(v′′ = 0) bands of the OH and OD radicals generated in a plasma-
discharge source using synchrotron radiation as a background continuum coupled with the VUV Fourier-transform
spectrometer on the DESIRS beamline of synchrotron SOLEIL. High-resolution spectra permitted the quantification
of transition frequencies, relative f -values, and natural line broadening. The f -values were absolutely calibrated with
respect to a previous measurement of A 2Σ+(v′ = 0) ← X 2Π(v′′ = 0) (Wang and Killinger [1]). Lifetime broadening
of the excited D 2Σ−(v = 0) and D 2Σ−(v = 1) levels is measured for the first time and compared with previous
experimental limits, and implies a lifetime 5 times shorter than a theoretical prediction (van der Loo and Groenenboom
[2]). A local perturbation of the D 2Σ−(v = 0) level in OH was found.
Keywords: OH, hydroxyl radical, VUV, photoabsorption, synchrotron, RF discharge
1. Introduction
The OH radical plays an important role in atmospheric,
interstellar, and plasma chemistry, and in combustion pro-
cesses. Laboratory work on the spectroscopy of neutral
OH is made difficult by its transient nature requiring the
use of high-pressure electric discharges (e.g., Ref. [3]),
radio-frequency (RF) glow discharges [4], flames [5–7],
laser photolysis [8, 9], or matrices [10]. It is frequently
measured in the laboratory through the sensitive tech-
niques of laser-induced fluorescence (via the well-known
A 2Σ+−X 2Π system) [11, 12] or by cavity ring-down spec-
troscopy [13, 14].
The ultraviolet (UV) and vacuum-ultraviolet (VUV) OH
absorption systems, A 2Σ+ ← X 2Π and D 2Σ− ← X 2Π,
respectively, are detected in diffuse interstellar clouds [15–
17] and provide a valuable molecular tracer when rovibra-
tional emission lines are lacking. The photodissociation of
OH by UV and VUV photons is also an important pro-
cess in its chemical evolution and for related molecules
in interstellar clouds, during star and planet formation
(e.g., Refs. [18–20]), in Earth and planetary atmospheres
[21, 22], and in cometary comae [23].
The A 2Σ+(v′)−X 2Π(v′′) bands of OH and OD (some-
times abbreviated hereafter to A(v′) − X(v′′)) are spec-
troscopically well-characterised [5, 24–26] and oscillator
strengths (f -values) for the A(0)← X(0) absorption band
are accurately known [1, 27]. This has permitted this band
to act as a tool for determining OH column densities in in-
terstellar sight lines.
Absorption spectra of the D 2Σ−(v′ = 0)← X 2Π(v′′ =
0) band in OH and OD (abbreviated D(0) ← X(0)) were
recorded photographically in the 1970s [24] utilising a dis-
charge radical source, VUV H2 lamp, and grating spec-
trograph, with a resolving power of 120 000. Laser-based
multi-photon absorption experiments have probed this and
other Rydberg states of OH with high spectral-resolution
using photoionisation detection schemes [8, 9, 28, 29].
An f -value for D(0) ← X(0) in OH was deduced from
interstellar-cloud absorption spectra [16] (also see the dis-
cussion of Roueff [30]). Laboratory studies measured the
absolute cross sections of OH and OD VUV photoabsorp-
tion at low spectral resolution (with a resolving power
λ/∆λ = 250) [31, 32] and roughly permitted another es-
timate of the D(0) ← X(0) f -value for OH. A series of
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theoretical studies [33–35] calculated the photoabsorption
and dissociation properties of many excited states of OH,
including D(0) and D(1). An accurate laboratory mea-
surement of the D(v′) ← X(0) f -values would be useful
to confirm the theoretical calculations and in future as-
tronomical observations in the VUV. This motivated the
current experiment seeking an absolute D(0) ← X(0) f -
value. The A(0) ← X(0) band was observed again here
to provide a reference standard in the absence of a direct
column density calibration.
Lifetimes of bound levels of the D 2Σ− state are lim-
ited by radiative decay to the ground or lower-lying ex-
cited states and by nonradiative predissociation. These
processes have been studied in detail theoretically [2, 35]
and laboratory-measured lifetimes (or, inversely, transi-
tion linewidths) have provided an indication of lower and
upper limits [8, 29]. Measuring this line broadening due
to short D(0) and D(1) lifetimes is a further goal of this
experiment.
In what follows, we describe rotational levels of the
A 2Σ+ and D 2Σ− states by alternative quantum numbers
J or N , where the latter neglects the spin angular mo-
mentum of OH’s unpaired electron. J is the more rigorous
quantum number in the presence of spin-orbit interaction
but the weakness of this interaction means that patterns
of level energies and lifetimes more closely follow N [36].
Single and double primes indicate excited and ground state
levels, for example, N ′ and N ′′ respectively. We describe
the substates of each electronic state according to the con-
ventional notation regarding Fi numbering:
X 2Π
{
F1, e/f parity, J = N + 1/2
F2, e/f parity, J = N − 1/2
A 2Σ+
{
F1, e parity, J = N + 1/2
F2, f parity, J = N − 1/2
D 2Σ−
{
F1, f parity, J = N + 1/2
F2, e parity, J = N − 1/2
Rotational transitions are labelled accordingly so that, for
example, Q21fe(J
′′) indicates a J ′ = J ′′ transition from
the F1 e-parity ground state substate to a F2 f -parity
excited state substate.
2. Experimental description
The DESIRS beamline at the SOLEIL synchrotron is
equipped with an undulator producing radiation in the
UV-VUV spectral range with a bandwidth of ∆ν/ν = 7%
acting as a background emission continuum, where ν is the
photon frequency or wavenumber. High-resolution broad-
band absorption spectra of the full bandwidth are recorded
when this is directed towards the Fourier-transform spec-
trometer (FTS) branch of the beamline. A large multipur-
pose sample chamber is located upstream of the FTS and is
equipped with a double-stage differential pumping system,
allowing for the easy installation of various absorption cell
configurations within. The beamline and FTS photoab-
sorption branch have been previously described in detail
[37, 38]. Here, we provide details of the elements relevant
to the present work.
Two methods were used to generate OH and OD radi-
cals from sample gases of H2O and D2O in three separate
campaigns, hereafter identified as DC I, DC II, and RF.
A direct-current (DC) electric discharge inside a win-
dowed cell was constructed and operated in vacuum inside
the multipurpose sample chamber. The cell is a glass tube
of 300 mm length and 10 mm inner diameter enclosed at
both ends by 1 mm thick MgF2 windows. The cathode is a
T-shaped stainless steel DN16 tube connected to the inside
of the cell, and a stainless steel anode is mounted onto a
cross-shaped glass holder at its opposite end. The distance
between cathode and anode is approximately 250 mm. All
parts of the cell are refrigerated by a water circuit leading
to a chiller outside the vacuum chamber. The temper-
ature of the cell was monitored with a thermocouple in
order to avoid any in-vacuum damage during operation.
The cell temperature constantly increased during the DC I
campaign, despite the presence of water cooling, and re-
quired periods for system cool-down and a slowing of the
data acquisition rate. The design of the cooling system
was improved for the DC II experiment and this permit-
ted continuous operation, more efficient data collection,
and better quality spectra. The current in the discharge
was respectively set to 60 and 50 mA in the DC I and DC II
experiments, and the precursor water vapour was diluted
in helium and introduced into the system through a needle
valve. The cell pressure was selected after consideration of
trial absorption spectrum, as discussed further below.
We also operated a radio-frequency (RF) discharge cell,
with its installation requiring a complete removal of the
standard sample chamber. The discharge cell is a borosil-
icate glass tube sealed at both ends by 1 mm-thick MgF2
windows located 1500 mm apart. The tube inner diameter
is 16 mm and the whole system is sealed with Viton O-
rings. The synchrotron beamline and FTS chamber were
connected to the discharge cell by stainless steel 6-way
CF40 cross tubes. These were pumped by 300 L s−1 turbo
molecular pumps in order to maintain the approximately
5× 10−8 mbar vacuum required by the beamline and FTS
chamber.
The RF discharge cell was filled with a continuous flow
of H2O or D2O vapour and He carrier gas, and generated
a capacitively coupled air-cooled RF plasma operating at
13.56 MHz with a variable input power between 0 and
600 W. The RF-generated plasma showed a visible path
length of 1200 mm with the input power was set to 150 W.
The cell is installed within the helical coil antenna of the
RF source. A reservoir of water was connected to the cell
and its vapour pressure controlled with a leak valve. The
He was introduced to the cell through apertures adjacent
to both windows in both RF and DC experiments in or-
2
der to prevent their contamination by discharge products.
The cell was continuously pumped by a 600 m3 h−1 roots
pump.
The D(v′) ← X(0) and A(0) ← X(0) bands are too
far apart to appear in a single undulator spectral window.
A spectrum containing D(0) ← X(0) and D(1) ← X(0)
was first measured in the VUV immediately followed by
the recording of A(0)← X(0) in the UV without altering
the discharge settings. This permitted the measurement
of their relative f -values. Actually, the OH column den-
sity was observed to vary within 10% during each experi-
ment. We then adopt a systematic uncertainty of ±5% for
all measured band strengths. The f -value ratio of bands
measured from two different measurements then incurs an
uncertainty of 7%.
We selected a spectral resolution to obtain an acceptable
absorption-to-noise ratio under each set of experimental
conditions, that is, 0.27, 0.54, and 1.1 cm−1 FWHM in ex-
periments RF, DC I, and DC II; respectively. A typical
integration time for recording the UV A(0)← X(0) band
was 15 min, and 130 min was required to record the VUV
spectral window. This increase is due to the proximity of
the D(0) ← X(0) and D(1) ← X(0) bands to the short-
wavelength transmission limit of the MgF2 windows that
resulted in a sharp attenuation of the synchrotron beam.
In addition, residual water vapour inside the discharge
shows increasing absorption at shorter wavelengths. The
signal-to-noise ratio in the optical depth of a 50%-absorbed
line at 122 nm was 45:1 after optimising the composition
and conditions in the RF discharge.
Residual water in the discharge strongly absorbs in the
VUV where the D ← X bands are found. The density and
dilution of precursor water was optimised to maintain a
sufficient level of transmission in this region while retaining
a large-enough column of OH/OD to permit observation of
the 10-times weaker A(0)← X(0) band. This optimisation
was monitored using the strong emission of the 308 nm
A → X OH band by means of a commercial UV-visible
spectrometer.
An absolute wavenumber calibration of the A(0) ←
X(0) lines appearing in our OH and OD spectra was made
with reference to the measurements of Stark et al. [26], who
claim an estimated frequency uncertainty of 0.0005 cm−1.
This also served to calibrate the D ← X spectra with the
help of an additional frequency standard internal to the
FTS arising from a secondary laser interferometer control-
ling its mirror translation. The experimental wavenumbers
we find below have a random uncertainty of the order of
0.01 cm−1.
High-resolution spectra of H2O and D2O were recorded
under similar conditions to the discharge experiment to
help decipher precursor and radical signals. The column
density of water molecules was monitored after ignition
of the various discharges and this indicated that approxi-
mately 50% are dissociated.
3. Analysis method
Previous studies [5, 24–26, 28, 29, 39, 40] have estab-
lished the rotational energy levels of the X(0), A(0) and
D(0) states of OH and OD and the D(1) state of OH,
and fit these to minimally-specified effective Hamiltonians.
The lack of abrupt perturbations afflicting these levels per-
mitted these representations to accurately model the tran-
sition energies of an entire absorption band with only a few
parameters. We chose to fit simulated bands directly to
our experimental spectra rather than measuring line po-
sitions and intensities individually. This allowed for the
accurate fitting of those bands where individual rotational
lines have poor signal-to-noise ratios, and in one case per-
mitted the identification of a weak local perturbation.
We adopted an effective Hamiltonian for the X 2Π state
according to the formulation of Brown et al. [41]. Matrix
elements for this are conveniently tabulated by Amiot et al.
[25] (see their Table II), who also provide an appropriate
Hamiltonian for levels of both the A 2Σ+ and D 2Σ− states
(see their Table III). For the better-known X(0) and A(0)
levels of OH and OD we did not attempt to determine new
molecular parameters from our measured spectra, instead
employing reference data. For D(0) and D(1) we adjusted
the various effective Hamiltonian parameters to best fit
the experiment.
The line strength, S, of a particular rotational transition
within an A − X or D − X band may be written as the
product of two factors,
S = Sv′v′′ × S. (1)
The former term is the band strength, Sv′v′′ , comprising
an electronic transition moment and vibrational overlap
factor, and is fit to our experimental spectra and refer-
ence data as a single value for each band. The rotational
line strength factors, S, are specific to each branch and
rotational transition, and are affected by the spin-rotation
mixing of Hund’s case (a) ground state F1 and F2 levels
with common parity. A good reference for the calculation
of rotational line strength factors when such mixing occurs
is that of Hougen [42]. Effective Hamiltonians describing
the OH and OD ground states and their spin-rotation mix-
ing are well known from previous studies and provide the
necessary rotational line strength factors for the modelling
of our experimental spectra.
The relations between line strength, line f -value (f) and
integrated line cross section (σint) are [43, 44]
f =
3.038× 10−6νS
2J ′′ + 1
(2)
and
σint =
fα
1.1296× 1012 (3)
where ν is the transition wavenumber, α is the fractional
population of molecules in the ground state level, and
the listed constants assume the following units: S[au],
3
ν[cm−1], σint[cm2cm−1]. We assume a Boltzmann distri-
bution of ground state rotational levels with the associated
temperature fit to best match the experimental spectra.
A band f -value, fv′v′′ , may also be factored out of the
line f -value according to [43]
fv′v′′ =
2J ′′ + 1
2
f
S (4)
for a 2Π − 2Σ± transition, and these are approximately
constant for all lines in each observed band. A small vari-
ation of fv′v′′ with molecular rotation is known to occur for
the A−X bands of OH and OD [1, 45] due to the relevant
electronic transition moment possessing some internuclear-
distance dependence.
To simulate our experimental spectra, transition en-
ergies and line strengths were calculated from effective
Hamiltonians and an assumed band strength. These line
strengths were converted into line-integrated cross sec-
tions assuming a rotational temperature and then into
a wavelength-dependent cross section, σ(ν), by assuming
a Voigt lineshape for each rotational line. The Gaus-
sian width component of this lineshape corresponds to
Doppler broadening (fixed to the rotational temperature).
Its Lorentzian component is attributable to lifetime broad-
ening and was fit to the spectra where required. The sum
of line cross sections was converted into a transmission
spectrum, I(ν), by application of the Beer-Lambert law,
I(ν) = I0(ν) exp
(
−N
∑
σ(ν)
)
. (5)
Here, I0(ν) is the wavelength-dependent intensity of the
synchrotron beam (observable in the windows between OH
and H2O absorption lines) and N is the column density of
OH molecules in the absorption cell, which we calibrated
to the known strength of the OH A(0)−X(0) band. The
model spectrum was convolved with the sinc-shaped in-
strumental broadening inherent to the FTS instrument
(which is also responsible for apparent spurious emission
lines on either side of deep and narrow absorption lines in
the experimental spectra). Finally, a pointwise compar-
ison was made between model and recorded spectra and
the various model parameters automatically adjusted un-
til optimal agreement was achieved using a least-squares
algorithm.
Additional features were added to the model spectrum
to better reproduce the experiment. There was significant
absorption from the precursors H2O or D2O which was
accounted for by including cross sections for these species
measured with the discharge off. Additional lines of H2
and D2 were also accounted for, some of which showed
significant ground-state excitation with J ′′ as high as 7
and v′′ up to 3. Other features appear at the same fre-
quency in both H2O and D2O discharges. These are then
due to molecular oxygen formed in the discharge or other
contaminants. In particular, a strong absorption feature of
metastable O2 at 80 400 cm
−1 [46] is evident in our spec-
trum (not shown) and also likely contributes to the 124 nm
peak observed in the OH spectrum recorded by Nee and
Lee [31].
4. Results
4.1. OH A 2Σ+(v′ = 0)← X 2Π(v′′ = 0)
Molecular parameters for the X(0) state of OH were
generated by fitting an effective Hamiltonian to the term
values given by Coxon [40] and used without modification
in the subsequent analysis of OH bands. Molecular pa-
rameters for the A(0) state of OH were generated from
the term values found to high precision by Stark et al.
[26]. An A(0) ← X(0) model spectrum was then gener-
ated by combining these two Hamiltonians unaltered and
determining a best-fit ground state rotational temperature
and band f -value. This provided a perfect fit to the ex-
perimental spectrum recorded in the RF discharge, shown
in Fig. 1, along with a modelled spectrum and residual
difference.
The best-fit rotational temperature of the A(0)← X(0)
spectrum is 395±7 K and was assumed to remain constant
and stable for the subsequent analyses of D(0) ← X(0)
and D(1)← X(0) bands recorded with the RF discharge.
Two other A(0)← X(0) spectra were recorded with lower
spectral resolution in the DC discharge cell and with sim-
ilar OH rotational temperatures. The natural line broad-
ening of A(0) ← X(0) is significantly smaller than our
experimental resolution due to its purely-radiative decay
and long lifetime (about 800 ns [12]).
4.2. OH D 2Σ−(v′ = 0)← X 2Π(v′′ = 0)
The experimental spectrum of the OH D(0) ← X(0)
band shown in Fig. 2 was fit initially to the RF spec-
trum with a band model adopting an effective Hamilto-
nian describing the D(0) level. This fit proved unsatis-
factory, with some model transitions shifted from their
observed frequencies by up to 0.15 cm−1. A subsequent
fit was then made where each D(0) energy level up to
N = 8 was independently varied, producing the residual fit
plotted in Fig. 2. The differences between band-modelled
and individually-fitted level energies are plotted in Fig. 3
and show a characteristic pattern between N = 3 and 4
whereby the rotational series of an unknown state is cross-
ing D(0).
To accurately model the experimental spectrum it was
also necessary to introduce line broadening, treated as N ′-
dependent linewidths. These are shown in Fig. 4 to in-
crease with N ′, and with a maximum value near N ′ = 3
and 4 of about 0.5 cm−1 FWHM, with a corresponding
minimum lifetime of about 10 ps. The coincidence of this
maximum with the maximum level-energy perturbation is
discussed further in Sec. 4.10.
The N -dependent linewidth and level shifts determined
from the RF spectrum were verified by the lower-resolution
DC I and DC II spectra.
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Figure 1: Assigned experimental spectrum (RF discharge, 0.27 cm−1 FWHM resolution) showing OH A 2Σ+(v′ = 0) ← X 2Π(v′′ = 0) and
the residual fit of a band model. Rotational transitions are enumerated by J ′′. The pseudo-Gaussian profile of the undulator source causes a
slow variation of UV intensity.
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Figure 2: Assigned experimental spectrum (RF discharge, 0.27 cm−1 FWHM resolution) showing the OH D 2Σ−(v′ = 0) ← X 2Π(v′′ = 0)
band and the residual fit of a band model. Rotational transitions are enumerated by J ′′. H2 absorption lines are indicated with circles. The
asymmetric absorption visible at 81 360 cm−1 is due to metastable O2 [46]. A smooth decrease of intensity with wavenumber is due to H2O
continuum absorption.
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Figure 3: Difference between OH D 2Σ−(v = 0) rotational energy
levels fitted to the experimental spectrum assuming an effective
Hamiltonian band model and fitted individually. The observed dif-
ferences are due to the occurrence of a perturbation not included
in the effective Hamiltonian. Error bars refer to the (1σ) estimated
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Figure 4: Linewidths of OH D 2Σ−(v = 0) levels with estimated (1σ)
fitting uncertainties. Widths for F1 and F2 levels with N ≥ 6 were
fit to common values.
4.3. OH D 2Σ−(v′ = 1)← X 2Π(v′′ = 0)
Absorption transitions to OH D(1) levels with N ′ ≤
5 were observable in the DC I spectrum after subtract-
ing the structured absorption due to H2O, as shown in
Fig. 5. A model of this spectrum was constructed as-
suming the D(1) molecular constants deduced by de Beer
et al. [29]. The final agreement between experimental
and model bands is also shown in Fig. 5 and required
the assumption of a rotation-independent linewidth of
0.25± 0.10 cm−1 FWHM.
4.4. OD A 2Σ+(v′ = 0)← X 2Π(v′′ = 0)
Effective Hamiltonians were generated to describe the
X(0) and A(0) states of OD based on the experimental
term values of Stark et al. [26]. These were then used to
model the OD A(0)← X(0) RF spectrum shown in Fig. 6,
leading to a best-fit rotational temperature of 363± 4 K.
4.5. OD D 2Σ−(v′ = 0)← X 2Π(v′′ = 0)
The experimental RF spectrum of OD D(0) ← X(0)
is shown in Fig. 7. The unfortunate blending with many
sharp features of D2O required the subtraction of a refer-
ence spectrum with the RF discharge turned off. A con-
stant natural line broadening of 0.25 ± 0.05 cm−1 was re-
quired to satisfactorily fit the observed spectrum, and no
local perturbation like the one affecting D(0) in OH was
observed.
4.6. OD D 2Σ−(v′ = 1)← X 2Π(v′′ = 0)
Absorption due to D(1) ← X(0) is shown in Fig. 8. A
model was fitted to this spectrum, providing the molecu-
lar parameters listed in Table 1. Only a few rotational
transitions are significantly above the noise level, but
these were sufficient to deduce a relative band f -value for
this band and a common linewidth for all transitions of
0.29± 0.10 cm−1.
4.7. Term values and effective Hamiltonians
We have used effective Hamiltonians to fit the transi-
tions appearing in our spectra with their parameters listed
in Table 1. Individually-fitted rotational energies for the
perturbed D(0) level of OH are listed in Table 2. For com-
pleteness, molecular parameters are included in Table 1 for
OH X(0), A(0) and D(1) states, and OD X(0) and A(0)
states that are taken directly or deduced from previous
experimental works, e.g., [25, 26, 29, 39, 40]. These earlier
studies mostly access higher rotational levels than is done
here, although with less precision, and consulting these for
information on higher-J energy levels will likely give more
accurate data than the parameters in Table 1.
An absolute calibration of D(0) and D(1) term origins
was made with respect to the A(0) ← X(0) transitions
measured by Stark et al. [26], who claim an absolute ac-
curacy of 0.0005 cm−1.
Transition frequencies and f -values of individual lines
and levels may be of more immediate use than effective
Hamiltonians and we have included a complete set of these
in tabular form in an online appendix to this paper.
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Figure 6: Assigned experimental spectrum (RF discharge 0.27 cm−1 FWHM resolution) showing the OD A 2Σ+(v′ = 0) ← X 2Π(v′′ = 0)
band and the residual fit of a band model. Rotational transitions are enumerated by J ′′. The pseudo-Gaussian profile of the undulator source
causes a slow variation of UV intensity.
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Figure 7: Assigned experimental spectrum (RF discharge, 0.27 cm−1 FWHM resolution) showing the OD D 2Σ−(v′ = 0) ← X 2Π(v′′ = 0)
band and the residual fit of a band model. Rotational transitions are enumerated by J ′′. D2 absorption lines are indicated with circles. A
further trace indicates the significant contamination by structured and continuum D2O absorption.
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band and the residual fit of a band model. Rotational transitions are enumerated by J ′′. D2 absorption lines are indicated with circles.
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Table 1: Molecular parameters fit to the experimental spectra or reference data (cm−1).a
OH X 2Π(v = 0)b
T = 38.2183 A = −139.0746 B = 18.5504
D = 0.001 918 H = 1.41× 10−7 L = −1.11× 10−11
p = 0.1965 pD = −7.11× 10−6 pH = −7.69× 10−9
q = −0.0388 qD = 1.465× 10−5 qH = −2.38× 10−9
γ = −0.0222 γD = −2.55× 10−6 γH = −6.07× 10−6
OH A 2Σ+(v = 0)c
T = 32 440.573 0 B = 16.9652
D = 2.06× 10−3 H = 1.28× 10−7 L = 2.0× 10−11
γ = 0.226 γD = −4.60× 10−5 γH = 2.3× 10−9
OH D 2Σ−(v = 0)d
T = 81798.3457(84) B = 15.201(14)
D = 0.001384(63) H = −2.80(69)× 10−8
γ = −0.3538(48) γD = 0.00254(38)
γH = −3.53(62)× 10−5
OH D 2Σ−(v = 1)e
T = 84361.745(33) B = 14.79 D = 0.00172 γ = −0.3
OD X 2Π(v = 0)c
T = 51.6031 A = −139.0238 AD = −8.80× 10−4
AH = 3.82× 10−7 B = 9.8831 D = 5.391× 10−4
H = 2.15× 10−8 L = 6.29× 10−13 p = 0.114
q = −0.0109 qD = 1.64× 10−6
OD A 2Σ+(v = 0)c
T = 32528.873 B = 9.0437 D = 5.78× 10−4
H = 1.80× 10−8 γ = 0.121 γD = −1.33× 10−5
OD D 2Σ−(v = 0)
T = 81904.8700(92) B = 8.22893(45)
D = 0.0005475(55) γ = −0.1810(15)
OD D 2Σ−(v = 1)f
T = 83813.5024(59) B = 8.0568(59)
D = 0.00076(21) γ = −0.1324(91)
aThe listed constants correspond to the 2Π (X state) and 2Σ± (A and D states) effective Hamiltonians of Amiot et al. [25] (Tables II and
III). Constants that are not listed were fixed to zero. The estimated 1σ uncertainty of parameters fitted to best reproduce the experimental
spectra are given in parentheses in units of its least significant digit. These are fitting errors only and do not account for possible model error
in contaminated spectra. Parameters without an uncertainty were determined from reference data and held fixed while fitting the spectra.
Absolute term values are calculated with respect to the transition wavenumbers in Stark et al. [26] and include the 0.0005 cm−1 systematic
calibration uncertainty of this reference. These constants are constrained by level energies with N . 10 (or as indicated) and will provide a
limited-accuracy extrapolation above this limit.
bFitted to the term values deduced by Coxon [40].
cFitted to the term values deduced by Stark et al. [26].
dThese constants do not reproduce the perturbed spectrum within experimental accuracy, see Sec. 4.2 and Table 2.
eT was adjusted to best match the measured spectra, other constants were taken from de Beer et al. [29].
fConstants constrained by lines with N ≤ 5.
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Table 2: Experimental term values of OH D 2Σ−(v = 0) (cm−1, 1σ
uncertainties in parentheses).
N T (F1) T (F2)
0 81798.350(17) –
1 81828.595(13) 81829.121(20)
2 81889.225(13) 81890.088(19)
3 81980.148(18) 81981.361(28)
4 82101.163(21) 82102.528(27)
5 82252.406(26) 82254.097(21)
6 82433.505(50) 82435.546(41)
7 82644.012(94) 82646.507(72)
8 82884.19(21) 82886.34(16)
Table 3: Band f -value ratios and absolute values.a
Band Sourceb
fv′v′′
fA(0)←X(0)
fv′v′′
c
OH A(0)← X(0) 1 0.00113(2)
OH D(0)← X(0) RF 12.10(87) 0.0135(10)
DC I 15.2(12)
DC II 13.4(12)
calc. 11.2
OH D(1)← X(0) DC I / RFd 1.94(20) 0.0021(3)
calc. 2.18
OD A(0)← X(0) 1 0.0011(1)
OD D(0)← X(0) RF 9.96(73) 0.0114(13)
calc. 9.96
OD D(1)← X(0) RF 2.76(25) 0.0031(4)
calc. 2.89
a1σ uncertainties in parenthesis in units of the least significant
digit.
bSource of f -values: RF or DC discharge experiments, or a N = 0
calculation using the ab initio potential-energy curves and transition
moments of van der Loo and Groenenboom [2].
cCalibrated against the OH A(0)← X(0) band f -value measured
by Wang and Killinger [1] extrapolated to J ′′ = 0. The same f -value
is used to calibrate bands of OD but with increased uncertainty.
dCalculated as the product of the DC I fD(1)←X(0)/fD(0)←X(0)
and RF fD(0)←X(0)/fA(0)←X(0) ratios.
4.8. Oscillator strengths
The measured ratios of D(0)← X(0) and D(1)← X(0)
f -values with respect to A(0) ← X(0) are listed in Ta-
ble 3. The listed uncertainties include an estimate of the
fitting uncertainty and an estimated 7% uncertainty due
to possible variation of the OH and OD column densities
during the course of the measurements.
As a check on the experimental f -value ratios, Table 3
also lists theoretically-estimated ratios that show good
agreement given the experimental uncertainty. We cal-
culate these from the ab initio A 2Σ+, D 2Σ− and X 2Π
potential-energy curves of van der Loo and Groenenboom
[2] as well as their A−X and D −X electric-dipole tran-
sition moments. We used standard methods and a cus-
tom code similar to Le Roy [47] which solves the radial
Schro¨dinger equation for ground and excited levels pro-
viding wavefunctions of internuclear distance, R, and inte-
grate the overlap of these wavefunctions weighted by the
R-dependent A−X and D−X transition moments. This
provides a simple estimate of band strength [45, 47] but
without consideration of the spin-orbit splitting of the dou-
blet states involved. The same potential-energy curves
and electronic transition moment are used for both OH
and OD but with the reduced mass adjusted appropriately
when solving the radial Schro¨dinger equation. A more de-
tailed theoretical treatment of A(v′) ← X(v′′) absorption
f -values was made by Luque and Crosley [45], including
the deduction of a semi-empirical electronic transition mo-
ment.
The experimental relative f -values are placed on an ab-
solute scale by reference to the OHA(0) ← X(0) f -value
measurement of Wang and Killinger [1], who also find a
slight decrease of band f -value with increasing J ′′ and fit
this to the formula fv′v′′ = (1.13 ± 0.01) × 10−3 − (1.1 ±
0.2)×10−6J ′′(J ′′+1). This corresponds to a 20% reduction
by J ′′ = 29/2, which is not at all evident in our relatively
low-J measurements. Luque and Crosley [45] calculate an
OHA(0) ← X(0) band f -value of 0.00104 (for N ′ = 4)
that is 3% smaller than the value deduced by Wang and
Killinger [1] and based on experimental lifetimes [48, 49]
with about 2% uncertainty.
To determine whether large J ′′ dependencies affect our
measurement of D(v′) − X(0) f -values, we extend our
calculation of OH band strengths to excited rotational
transitions by adding centrifugal barriers to the potential-
energy curves of the ground and excited states. This repro-
duces the J ′′-dependent slope of Wang and Killinger [1] for
A(0)← X(0) within 20% and finds similar or lesser J de-
pendencies for the other observed bands. Thus, the exper-
imental band f -value ratios listed in Table 3 are represen-
tative of their average value over the range 0.5 . J . 11.5
and in accord with a rotationless value within their exper-
imental uncertainty.
We also calculate the OH and OD A(0) ← X(0) band
f -values to be in agreement within 1% for J = 0, as is also
found experimentally by Becker and Haaks [50] (with 10%
uncertainty) and in the calculation of Luque and Crosley
[45] (as published in the LIFBASE database) when aver-
aged over transitions with J ′′ = 0.5 to 11.5. Given this, we
scale our OD relative f -values measurements to the same
reference A(0) ← X(0) f -value as for OH, and conserva-
tively adopt a larger systematic uncertainty of 10%.
A discrepancy exists between our three independently-
measured D(0) ← X(0)/A(0) ← X(0) f -value ratios for
OH. Two of these ratios (DC I and DC II) were recorded
10 months apart utilising the DC-discharge radical source
and both measurements are larger than a value recorded
with the RF-discharge source 6 months subsequently, given
their estimated uncertainties. This suggests some unac-
counted systematic uncertainty is present or there is an
unexpected variability of the column densities maintained
by the DC radical source. We have greater confidence in
the RF experiment due to its better thermal stability, and
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Table 4: Experimental and theoretical OH D 2Σ−(v′ = 0) ←
X 2Π(v′′ = 0) band f -values.
fv′v′′ Reference
0.0135(10) This work
0.008− 0.013 Nee and Lee [31]a
0.015 Chaffee and Lutz [16]b
0.012 van Dishoeck et al. [35]c
0.013 Calculationd
aLow-resolution spectrum recorded in the flash photolysis of H2O.
The smaller value neglects an observed absorbing continuum which
may not arise from OH.
bObserved in three sight lines through diffuse interstellar clouds
with an uncertainty of about 25%. This f -value was calibrated with
respect to the known A(0) ← X(0) f -value at the time [15] and we
have rescaled it to subsequent and more accurate reference data [1].
cAn ab initio calculation with a 20% uncertainty estimated by
the authors.
dCalculated by us using the potential-energy curves and transition
dipole moment of van der Loo and Groenenboom [2], as discussed in
the text.
Table 5: Natural linewidths of D 2Σ−(v) levels.
Species Level Linewidtha
OH v = 0 See Fig. 4
OH v = 1 0.25(10)
OD v = 0 0.25(05)
OD v = 1 0.29(10)
aIn units of cm−1 FWHM with estimated 1σ uncertainties given
in parentheses in units of the least-significant digit.
production of a greater column density of radicals and re-
sultant signal-to-noise ratio, allowing for better spectral
resolution. We then adopt this f -value ratio as our best
value. The f -value ratio of D(1)← X(0) to D(0)← X(0)
will not be affected by moderate amounts of source vari-
ability because these are recorded simultaneously within a
single undulator band pass. The DC-source measurement
of this ratio is then combined with RF data to determine
an absolute D(1)← X(0) f -value in Table 3.
The new OH D(0) ← X(0) f -value is compared with
previous determinations in Table 4 that all probe low-J
transitions or are rotationless calculations. These are in
very good agreement, suggesting this quantity is now very
well established. Our measured OH D(1)← X(0) f -value,
0.0021 ± 0.0003 is somewhat smaller than the calculated
value of van Dishoeck et al. [35], 0.0044, and in good agree-
ment with a value we calculate from the ab initio potential-
energy curves and transition moments of van der Loo and
Groenenboom [2], 0.0025. A list of individual line f -values
taking into account their rotational line strength factors
for all observed transitions is given in the online appendix.
4.9. D 2Σ−(v = 0) and D 2Σ−(v = 1) linewidths
It was noted by van Dishoeck et al. [35] that some
molecules photoexcited into bound levels of the D 2Σ−
state may radiatively decay into the lower-lying unbound
excited state 1 2Σ− and then dissociate. They deter-
mined a branching ratio for this process of 20%, with most
molecules safely radiating to the ground state. They also
point out that nonradiative decay of D 2Σ− levels may
dominate this process. A much shorter lifetime was subse-
quently predicted for OH D(0) and D(1) by van der Loo
and Groenenboom [2]. They calculate the rate of nonra-
diative decay of these levels by rotational and spin-orbit
coupling to co-energetic and repulsive excited states and
found significant contributions arising from the 2 2Π and
1 4Π states, predicting total lifetimes for D(0) and D(1) of
1.0×10−10 and 1.2×10−10 s, respectively. These lifetimes
imply absorption linewidths of 0.05 cm−1 FWHM.
Our measured linewidths for the D(0) and D(1) levels
of OH and OD are given in Table 5 and Fig. 4, and es-
sentially give a common value of 0.25 cm−1 FWHM. This
is a factor of 5 greater than the width of van der Loo and
Groenenboom [2], which is perhaps a reasonable agree-
ment given the complexity of their calculation. An upper
limit of 8 ns was determined in a laser-based lifetime mea-
surement of OH D(0) and is also consistent with our re-
sults. A lower limit on the OH D(0) lifetime (upper limit
on its linewidth) was estimated by de Beer et al. [29] to
be 5 × 10−10/J(J + 1) s, which is incompatible with our
measurement for low N values, requiring a linewidth be-
low 0.1 cm−1 FWHM for N less than 2. We can rule out
experimental effects and collisional broadening in our ex-
periment due to the positive lack of observed broadening
of A(0)← X(0).
The observed N -dependent increase of OH D(0)
linewidths could potentially be the result of its rotational-
coupling to the 2 2Π state predicted by van der Loo and
Groenenboom [2], and a rotational dependence of lesser
magnitude cannot be ruled out for the widths of other OH
and OD D-state levels that we have studied.
4.10. Local perturbation of OH D 2Σ−(v = 0)
The D-state interaction with various repulsive excited-
states studied by van der Loo and Groenenboom [2] do not
explain the observed localised width peak and shifted en-
ergy levels of OH D(0) near N = 3 and 4. These phenom-
ena would seem to require a weak interaction with a bound
level. Previous extensive calculations of 2Π, 2Σ+, and 2Σ−
states [51] effectively rule out an additional bound level of
such a symmetry in the vicinity of D(0), and the repulsive
14Π state of van der Loo and Groenenboom [2] similarly
argues against a state of that symmetry being responsi-
ble. We could find no detailed calculations of further 4Σ+
and 4Σ− states that might support a bound level in the
vicinity of D(0) and a perturbing spin-orbit interaction.
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4.11. Interstellar dissociation rate
The ultraviolet photodissociation rate for OH exposed to
a standard Draine interstellar radiation field [52] was cal-
culated using the computed cross section of van Dishoeck
and Dalgarno [51] that considers a large number of ex-
cited states, giving a value of 3.9 × 10−10 s−1 [53]. This
rate involves a contribution from the spontaneous radia-
tive decay of bound levels of the D state [35]. After
subtracting that contribution and adding absorption into
now 100%-predissociative D(0) and D(1) levels and using
our measured absorption f -values this rate is increased
to 4.1 × 10−10 s−1. This difference is less than the un-
certainty introduced by ab initio calculation of the direct
photodissociation rates of repulsive OH excited states by
van Dishoeck and Dalgarno [51].
5. Summary
There are four main results from this experimental pho-
toabsorption study targeting the VUV D 2Σ−(v′ = 0) ←
X 2Π(v′′ = 0) and D 2Σ−(v′ = 1) ← X 2Π(v′′ = 0) bands
of OH and OD, summarised below.
• Absolute f -values were calibrated with respect to the
A 2Σ+(v′ = 0) ← X 2Π(v′′ = 0) band and found
to be in agreement with previous laboratory mea-
surements, ab initio calculations, and interstellar ab-
sorption, with a much improved accuracy. The new
OH and OD D 2Σ−(v′ = 0) ← X 2Π(v′′ = 0) mea-
surements provide increased confidence when trans-
forming astronomical VUV absorption spectra from
interstellar clouds into OH column densities, or cal-
culating the photodissociation rate of OH when ex-
posed to interstellar or stellar VUV radiation. The
D 2Σ−(v′ = 1) ← X 2Π(v′′ = 0) f -value has not pre-
viously been measured.
• Predissociation broadening of the observed absorption
lines indicate a lifetime of 20 ps for the D 2Σ−(v = 0)
and D 2Σ−(v = 1) levels, and with rotational varia-
tion evident in the case of OH D 2Σ−(v = 0). This
lifetime is 5 times shorter than deduced in a previous
comprehensive theoretical study [2].
• A local perturbation near the N = 4 level of
D 2Σ−(v = 0) in OH is indicated by slight level-energy
shifts and increased predissociation widths. This is
likely due to a weak interaction between D 2Σ− and
another unknown excited state supporting bound lev-
els.
• Line frequencies, f -values, and natural linewidths for
all observed transitions and level term values are pro-
vided in an online appendix.
The combination of high-spectral resolution interferom-
etry with broad bandwidth and intense radiation available
on the DESIRS photoabsorption branch at SOLEIL has
permitted this uniquely-quantitative study of the VUV
photoabsorption of OH. Further refinement of the dis-
charge radical source or development of a window-free ver-
sion will permit the extension of this work to other molec-
ular radicals and even shorter wavelengths.
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